Chronic total occlusions (CTO) are frequently encountered during coronary angiography, and are generally regarded as the most challenging coronary lesions for percutaneous coronary intervention (PCI). Despite great technical advancements and greatly improved reported procedural success rates during previous years, data on clinical benefit of these procedures still remain scarce and controversial. Data from observational trials suggested that PCI for CTO could be linked to improvements both in symptoms and hard cardiovascular outcomes, while randomized controlled trials showed symptomatic improvement only, without improvement in patient's prognosis. This is in parallel with findings for non-CTO PCI in patients with stable angina. Having in mind complexity of these interventions, high costs, greater volume of contrast, and radiation exposure, appropriate patient selection is crucial for optimizing treatment effectiveness. There are few important factors that should be taken into consideration before planning and attempting PCI for CTO. These are: severity of patient's symptoms despite optimal medical therapy, presence of inducible myocardial ischemia and/or viability in the territory of occluded coronary artery.
INTRODUCTION
Chronic total occlusions (CTO) of coronary artery is defined as an occluded coronary vessel with thrombolysis in myocardial infarction flow 0, that lasts for 3 months or more [1, 2] . They are often found during coronary angiography, with a prevalence rate of 18%-52% [3] [4] [5] .
CTO remain the most challenging lesion subset in patients undergoing percutaneous coronary interventions (PCI). It was early recognized as one of the most important obstacle in achieving complete revascularization in patients with multivessel coronary artery disease. Even the father of interventional cardiology Andreas Gruentzig noted in an interview in 1985 (two weeks before his tragic passing in an airplane crash): "The total closure is a real problem, if we cannot solve the total closure problem, we probably will never really address the question of multivessel disease dilatation" [6] .
Myocardial territory distal to CTO is usually supplied by collateral flow, which is sometimes sufficient to preserve viability and contractile function in resting conditions. On the contrary, collaterals are most often not sufficient to provide adequate blood flow during increased demands, providing adequate protection against ischemia in only 5% of patients [7] . This means that collateral vessels cannot fully substitute the function of open epicardial artery, which constitutes the rationale for performing PCI for CTO.
Regarding the prognostic impact of coronary artery bypass grafting (CABG) for CTO revascularization, this issue is lacking high-quality randomized data. Isolated CABG for an isolated CTO of the LAD (or other coronary arteries) cannot be justified on the basis of preventing future events compared with either medical therapy or PCI. CABG for CTOs will often be part of a strategy of offering complete revascularization [8] .
Technical aspects of the PCI for CTO
Although PCI for CTO remains most challenging for many interventionalists, we are witnessing gradual improvement in all procedural aspects during last decade. For experienced operators, procedural success rates could reach > 90%, which is the result of improvements in instrumentaria, better training, increasing operator expertise with complex techniques, and spreading the knowledge through the work of dedicated CTO organizations, such as EuroCTO club and others [9] [10] [11] [12] .
Many technical factors should be taken into consideration while planning PCI for CTO [2] . In general, ad hoc PCI for CTO is not encouraged; instead, staged, elective, and carefully planned approach is preferred. When dealing with selection of arterial access site, most dedicated CTO operators prefer to use femoral artery for targeting occluded artery, since it allows them to use larger size catheters (7 or 8 French) which offers better passive support and more space for simultaneous insertion of devices. Radial artery is most often used to cannulate non-CTO artery in order to visualize occluded artery distal to the place of occlusion via collateral circulation. Dual injection should be used whenever possible, since it allows operator to appropriately asses morphologic characteristics of the occluded segment. Selection of coronary guidewires is critical step for the successful PCI of CTO. Many characteristics of the guidewires should be taken into account when selecting appropriate guidewire like: polymer cover, wire coating, core material, and tip stiffness. Operators may choose between wires depending of what they need most in every phase of intervention: more torque control, more maneuverability, more penetration power, less potential to damage collateral channels, reentry etc. Microcatheters are devices that are almost always used in PCI for CTO. They offer the operator possibility to exchange guidewires rapidly, provides additional support for the guidewire, provides protection of collateral vessel, provide route to inject small amount of contrast ("tip injection") to visualize distal vessel or collaterals. Many improvements in manufacturing technology give us wide array of available devices that meet different needs of operators in various situations. Contralateral contrast injection is frequently needed to precisely and safely navigate guidewire toward vessel distal to occlusion, and we strongly recommend using it whenever distal vessel cannot be adequately visualized via ipsilateral dye injection.
Traditionally, antegrade approach is used as a first strategy of CTO recanalization. With the development of new guidewires, microcatheters, the single wire techniques, parallel-wire technique, techniques with subintimal tracking, and antegrade dissection and reentry technique, it remained the most common first choice strategy. Retrograde techniques were developed over long period of time, and made major breakthrough in mid 2000s with the pioneering work of Dr Osamu Katoh who introduced the Controlled Antegrade and Retrograde subintimal Tracking technique of retrograde CTO recanalization. Detailed consideration of choosing between antegrade and retrograde strategies is beyond the scope of this review, and may be found elsewhere [13] . It is worth mentioning few more aspects specific to PCI for CTO. In a recently published report from OPEN-CTO registry, major complication rates still remain significant and higher than in non-CTO PCI: in-hospital/one-month mortality was 0.9% and 1.3%, respectively, while coronary perforations requiring treatment occurred in 4.8% of patients [14] . Operators should be aware of contrast toxicity and should limit the contrast volume to minimum needed and adjusted to renal function of the patient. Radiation safety is an important issue and physicians should make every effort to reduce radiation exposure, and to document radiation exposure during a PCI procedure.
Symptomatic and prognostic impact of the PCI for CTO
Despite these truly amazing technical improvements in achieving proficiency of CTO recanalization, many aspects of clinical efficacy of this demanding procedure remain controversial. Several non-randomized (observational) trials have shown that successful CTO revascularization could be linked to improved cardiovascular outcomes [15] [16] [17] and better quality of life (QOL) [18, 19] . We have recently published a long term (66 months) follow-up of cohort of 283 patients in whom recanalization of CTO was attempted [20] . Patients with successfully recanalized CTO had lower rate of MACE (defined as composite of cardiac mortality, myocardial infarction, and target vessel revascularization) than patients with failed procedure; the difference that remained statistically significant after adjustment for baseline between-group differences using propensity scores (adjusted HR 0.402; 95%CI: 0.196-0.824; P = 0.013). Christakopoulos et al. [21] published a review of 25 observational trials and showed improved outcomes with successful PCI of the CTO (which included survival, angina severity, and the need for coronary artery bypass surgery). Having in mind all limitation of these kind of trials, no causal inferences could be drawn between PCI for CTO and positive cardiac outcomes. These conclusions may be regarded only as a hypothesis generating, and must be checked in appropriately designed randomized controlled clinical trials (RCTs). Only RCTs could answer questions related to causality between the procedure and outcomes, and we have data from few of them recently published.
The EXPLORE (Evaluating Xience and Left Ventricular Function in PCI on Occlusions After ST-Elevation
Myocardial Infarction) study randomized 304 patients presented as STEMI which also had a CTO lesion in a non-infarct artery to additional PCI of CTO soon after primary PCI or optimal medical therapy only [22] . Primary endpoints were left ventricular ejection fraction (LVEF) and left ventricular end diastolic volume (LVEDV) on cardiac MRI after 4 months. Authors did not report any benefit for CTO PCI in terms of LVEF (44.1% ± 12.2% vs. 44.8% ± 11.9%; P = 0.60) or LVEDV (215.6 ± 62.5 mL vs. 212.8 ± 60.3 mL; P = 0.70). Furthermore, they did not find the difference in terms of major adverse coronary events (5.4% vs. 2.6%; P = 0.25). It was suggested that PCI of the CTO in LAD artery could be related to improved LVEF (47.2% ± 12.3% vs. 40.4% ± 11.9%; P = 0.02), but this finding remained hypothesis-generating. Even during prolonged follow-up (median of 3.9 years) of this trial, MACE did not differ between arms (13.5% vs. 12.3%, HR 1.03, 95%CI: 0.54-1.98; P = 0.93). Interestingly, reported cardiac mortality was higher in the CTO-PCI arm (6.0% vs. 1.0%, P = 0.02), while there was no difference in all-cause mortality (12.9% vs. 6.2%, HR 2.07, 95%CI: 0.84-5.14; P = 0.11) [23] .
Another randomized trial (the REVASC trial) assessed the effect of CTO recanalization on segmental wall thickening (SWT) (the primary endpoint) and improvement of regional wall motion and changes in left ventricular volumes and ejection fraction (secondary endpoint) in the CTO territory [24] . The change in SWT did not differ between the CTO PCI [4.1 (-14.6 to 19.3)] and non CTO PCI [6.0 (-8.6 to 6.0)] groups (P = 0.57). Similar findings were described for secondary endpoints [24] .
EuroCTO (Randomized Multicentre Trial to Compare Revascularization With Optimal Medical Therapy for the Treatment of CTO) trial was the first randomized clinical trial that demonstrated some measurable clinical benefit of PCI for CTO [25] . This prospective randomized controlled clinical trial enrolled 396 patients to compare PCI of CTO with optimal medical therapy, with a 2:1 randomization ratio. This trial showed that at 12 months, there was a greater improvement of Seattle angina questionnaire subscales with PCI vs. OMT for angina frequency (5.23, 95%CI: 1.75-8.71; P = 0.003), and QOL (6.62, 95%CI: 1.78-11.46; P = 0.007). Physical limitation (P = 0.02) also showed improvement in the PCI group. Complete freedom from angina was encountered more frequently with PCI (71.6%) than with optimal medical therapy (57.8%) (P = 0.008). Nevertheless, this study did not show improvement in hard clinical end point event rates in PCI group (although not statistically significant, number of deaths and myocardial infarctions were numerically higher in PCI group). This led investigators to conclude that PCI for CTO leads to a significant improvement of the "health status" in patients with CTO as compared with optimal medical therapy alone [25] .
On the contrary, recently presented DECISION-CTO trial [26] showed no difference between PCI and optimal medical treatment in SAQ subscales. This discrepancy with EuroCTO trial results could be explained by study design: in EuroCTO trial there was no influence of non-CTO lesions on endpoints (these lesions were treated before randomization), while in DECISION-CTO trial non-CTO lesions were treated after randomization, which could potentially have some influence on study endpoints [25] .
Overall, the amount of high-quality data from randomized clinical trials on positive effects of CTO recanalization is relatively small. Effects are probably limited to improvement in QOL, while it was not possible to demonstrate positive effects on hard clinical outcomes such as mortality and myocardial infarction. However, in modern era of treatment of coronary artery disease, it is becoming more and more difficult to make further improvements in outcomes in the treatment of coronary artery disease, because contemporary medical treatment and overall treatment strategies have already yielded excellent results. It was not possible to demonstrate the clinical benefit of standard PCI (and revascularization in general) over optimal medical therapy alone, in stable coronary artery disease patients [27, 28] . This means that task for proving the clinical benefit of PCI for CTO is even more difficult, having in mind inherent lower procedural success rate, higher rate of complications, and lower amount of viable myocardium in the territory of vessel irrigation which usually have developed collateral circulation.
Clinical indications for PCI for CTO
Most important factors that must be taken into consideration before proceeding to CTO-PCI are the presence of symptoms and objective evidence of ischemia, while in cases of left ventricular regional wall motion abnormalities in the CTO territory, objective evidence of viability should be sought. The decision to attempt PCI for CTO should be weighted against the risk of larger amount of administered contrast, longer time of fluoroscopy, and higher rates of MACE compared with PCI for non-CTO lesion [11] . These factors taken together could be shown in the algorithm proposed by the EuroCTO club (Figure 1 , modified from [12] ). We must emphasize the importance of optimal medical therapy for the control of stable coronary artery disease, which must be the first line of intervention in patients having CTO. In recent 2018 ESC/ EACTS Guidelines on myocardial revascularization, it is recommended that percutaneous revascularization of CTOs should be considered in patients with angina that is resistant to medical therapy alone or with a documented large area of ischemia in the territory of CTO (class of recommendation IIa, level of evidence B) [29] . The class of recommendation/level of evidence for PCI of CTO was not changed from the previous version of the Guidelines [30] .
The role of SYNTAX score is less suitable for evaluating patients with CTO than for non-CTO patients. CTO lesions are weighted higher (x5) than non-CTO lesions (x2). Therefore, patients with CTOs typically have much higher scores than those with non-CTO lesions for similar disease distribution. Consequently, the high SYNTAX scores strengthen the decision to send CTO patients more often to surgery. Since technical aspects of PCI for CTO have been significantly improved, it might be possible that impact of CTO (vs. non-CTO) lesions for SYNTAX score calculation might be overestimated [31] .
CONCLUSION
Finally, we believe that CTO recanalization performed by experienced operator still has place in interventional practice. The reasonable approach in patient selection would be to take into consideration the following aspects: the burden of symptoms, the extent of ischemia, and the amount of viable myocardium in CTO territory.
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